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Abstract
We determine the dynamical black hole mass in
NGC 404 including modeling of the nuclear stellar pop-
ulations. We combine HST/STIS spectroscopy with
WFC3 images to create a local color–M/L relation de-
rived from stellar population modeling of the STIS
data. We then use this to create a mass model for
the nuclear region. We use Jeans modeling to fit this
mass model to adaptive optics stellar kinematic obser-
vations from Gemini/NIFS. From our stellar dynamical
modeling, we find a 3σ upper limit on the black hole
mass of 1.5× 105M.
1. Introduction
The nearby galaxy NGC 404 provides an excellent
opportunity to study the relationships of NSCs and
MBHs. NGC 404 is a dwarf S0 galaxy (M? ∼ 109M;
Seth et al., 2010) at a distance of just ∼3.0 Mpc
(Karachentsev et al., 2002). The galaxy appears to
host an MBH within its prominent central nuclear star
cluster (NSC; Seth et al., 2010). Dynamical measure-
ments using high-resolution adaptive optics data from
Gemini/NIFS by (Seth et al., 2010) indicate the pos-
sible detection of an MBH, with a firm upper limit of
<106M. Their dynamical modeling depended on a
number assumptions, most importantly the assump-
tion of a constant M/L throughout the nucleus. This
is a poor assumption due to the obvious spatial gra-
dients of stellar populations within the nucleus. The
stellar mass in the central resolution element of the
Gemini/NIFS data was comparable to the BH mass
(i.e., the sphere of influence was not well resolved),
hence, any spatial gradients in the M/L can have a sig-
nificant effect on the BH mass estimate. In this work,
we use new STIS spectroscopy and WFC3 imaging to
quantify the spatial variations in the M/L throughout
the NGC 404 nucleus and improve the BH mass esti-
mate. Incorporating M/L gradients to refine BH mass
estimates was recently explored by McConnell et al.
(2013), who used color gradients to explore possible
radial M/L gradients in three giant elliptical galaxies.
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2. Color–M/L Correlation
We fit a range of single stellar population (SSP) mod-
els to the nuclear STIS spectroscopic data to determine
the ages of stars and M/L spatial variations within the
NGC 404 NSC. We show that the nuclear spectrum is
somewhat better fit with the addition of an AGN con-
tinuum component, and use this as our default model
in the nuclear regions. The best-fit model and residu-
als to the central pixel are illustrated in the left panel
of Figure 1. The model is shown in red with the indi-
vidual SSP components shown in blue. The fit in the
central pixel is dominated by intermediate age stars
with 70% of the light in the 1 Gyr SSP, 5% of the light
in the 2.5 and 5 Gyr SSP, 17% of the light in AGN.
Only a small fraction of the light is in younger popula-
tions (<570 Myr). The right panel of this figure shows
a lower S/N spectral bin spanning +(0.′′275 − 0.′′375)
with higher extinction. The reduced χ2 is 0.98 for the
central pixel and 2.23 for the outer bin; the decrease
in the goodness-of-fit at larger radii is likely due to
increased contributions from bad pixels.
Figure 2 shows the correlation of the WFC3 F336W–
F814W color map with the spectroscopic M/Leff val-
ues. We fit this correlation to get a color–M/L rela-
tion; the best-fit is the red solid line. The idea be-
hind this approach is the same as in Bell et al. (2003)
and Zibetti et al. (2009), but appropriate to the exact
populations present in the NGC 404 nucleus as deter-
mined using the STIS population synthesis fits. We
fit a linear relation between the logarithm effective
spectral M/Leff and the F336W–F814W color. The
error on this relation is determined in two ways: first,
we propagate the errors on the spectroscopic M/L de-
termined above, and second, we determine bootstrap
errors of the fit by refitting using random sampling
with replacement. The first method yields significantly
larger errors than our bootstrapped errors, which are
minimal. We calculate the 1σ uncertainty on our
color–M/L relation from our total error budget and
show these as the thin blue (steeper) and yellow (shal-
lower) lines in Figure 2, respectively. We will examine
the effect of our color–M/L relation uncertainties on
the dynamical models in Section 3.
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Figure 1. Left top-panel: best-fit stellar population models to individual pixel spectra at the center. Right top-panel:
best-fit stellar population models to a binned spectrum at large radius spanning radii of +(0.′′275–0.′′375). The central
spectrum is fitted with an AGN continuum component, while the outer bin is not. The STIS spectrum is shown in black,
the best-fitting stellar population synthesis model fits including an AGN component with α = 0.5 shown in red. Vertical
grey lines show emission line regions that were excluded from the fit. Blue spectra indicate the different ages SSPs and
AGN component contributing to the multi-age fit. Right bottom-panels: fractional residuals of the best-fit multi-age
spectrum.
3. Stellar Dynamical Modeling
We use the Jeans Anisotropic Modeling (JAM)
method and IDL software as the dynamical model to
calculate the mass of central BH, MBH. The model re-
lies on an axisymmetric solution of the Jeans equations
incorporating orbital anisotropy (Cappellari, 2008).
The anisotropy is characterized by a single anisotropy
parameter: βz = 1 − σ2z/σ2R, where σR and σz are
the velocity dispersion in the radial direction and z-
direction in ellipsoid aligned cylindrical coordinates.
The model calculates the predicted second velocity
moment, Vrms =
√
V 2 + σ2, where V is the mean stel-
lar velocity and σ is the velocity dispersion based on an
MGE model. We note we are using a mass model that
differs from the luminosity profile of the galaxy; this
difference is incorporated into the JAM model by us-
ing separate luminosity and mass profile MGEs; how-
ever both are axisymmetric and thus may not fully
capture the variations in kinematics due to e.g., dusty
regions. We also note that because of the proximity of
NGC 404, the kinematic maps have some contribution
from partially resolved stars that make the dynamical
maps appear less smooth, especially at larger radii.
The model has four parameters: (1) the mass of a cen-
tral BH, MBH, (2) the mass scaling factor γ; while for
a normal JAM fit, this would be the dynamical M/L,
in our case this parameter is the ratio between the
dynamical M/L and the M/L predicted by our stellar
population fitting (which assumes a Chabrier IMF),
(3) the anisotropy, βz, and (4) the inclination angle, i.
We compute the models on a grid of βz, MBH, γ, and
i. At each grid point we evaluate the χ2 of the the
predicted Vrms relative to the kinematic data. We
run the dynamical modeling to fit these four parame-
ters (βz, MBH, γ, i) in 2–D using 920 kinematic data
points (degrees of freedom, dof) within a radius of
∼ 1.′′5 of the center. Figure 3 shows χ2 contours as
a function of MBH vs. the anisotropy parameter βz
(left), scaling factor γ (middle), and inclination angle
i (right) after marginalizing over the other two param-
eters. The minimum reduced χ2r ∼ 1.26 is found at
MBH = 7.0×104M, βz ∼ 0.05 (i.e., nearly isotropic),
γ = 0.890, and i = 20◦. The solid contours show the
1σ, 2σ (white), and 3σ (red) levels (or ∆χ2 = 2.30,
6.18, and 11.83) for two parameters; we choose the con-
fidence limits for two parameters to accurately capture
the uncertainties shown in our two parameter plots
above after marginalizing over the third and the fourth
parameter in each plot. The BH is only detected at
the 1σ level. Given the restrictions JAM models place
on the orbital freedom of the system, it is common to
use 3σ limits in quoting BH masses. Therefore, we use
the 3σ upper limit of MBH < 1.5× 105M, one order
of magnitude lower than (Seth et al., 2010) estimate.
The most significant change in comparison with (Seth
et al., 2010) is the anisotropy parameter, βz. Our best
model is more isotropic (βz = 0.05
+0.05
−0.15) than the best
fit of βz = 0.5 found in Seth et al. (2010). Given the
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Figure 2. The mass-to-light ratio – color relation for the NGC 404
nucleus. The y-axis shows the effective mass-to-light ratio in
F814W (M/Leff) determined from stellar population fits to the
STIS spectroscopy, while the x-axis shows the F336W–F814W color
determined from WFC3 imaging. Black points show the data for
the stellar population fits using the BC03 models, while the thick
red line shows the best-fit linear relation to these data. The 1σ
uncertainties in the slope of our best-fit linear relation are shown
with thin blue (steeper) and yellow (shallower) lines. The black
thin line shows the best-fit linear relation to the data when we
don’t include an AGN component in the five innermost spectral
bins during the fitting procedure. Error bars for each point in
log(M/Leff) were determined through a Monte Carlo analysis of
the stellar population fits and these errors form the dominant error
in our best-fit log(M/Leff) color relations. The purple thick solid
line is the predicted color–M/L correlation from Bell et al. (2003)
shifted downwards by 0.3 dex, while the green line shows the Roedi-
ger & Courteau (2015) relation. The red data point indicates the
NGC 404 center.
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Figure 3. Best-fit JAM models using the Gemini/NIFS Vrms data and our updated mass map MGE model. The models
optimize the four parameters MBH, βz, γ (the ratio between the dynamical mass and the stellar population mass), and i.
The cyan dots show the grid of models in each panel. The grayscale shows the likelihood of the best-fit model. Left panel:
the best-fit anisotropy (βz) vs. MBH. The red dot shows the minimum χ
2. χ2 contours are shown at ∆χ2 = 2.30, 6.18
(white solid lines), and 11.83 (red solid line) corresponding to 1σ, 2σ, and 3σ confidence levels for two parameters after
marginalizing over the other two parameters. Similarly, the blue and yellow dashed lines illustrate the χ2 contours of
the 3σ confidence levels for the mass maps created from the steeper and shallower color–M/L slope mass map models
(corresponding to the thin blue and yellow lines show in Figure 2). Middle panel: the best-fit mass scaling factor, γ
vs. MBH; markings as in left panel. Right panel: the inclination angle i of the galaxy vs. MBH.
observed isotropy in other galaxy nuclei (Seth et al.,
2014), we interpret this as a sign of the success of our
mass model (which incorporates variations in M/Leff)
correctly representing the mass distribution in this sys-
tem.
4. Summary
We develop a method to incorporate variations in the
stellar M/L into the dynamical modeling to constrain
the BH mass in NGC 404. Specifically, we use spec-
troscopically determined M/L spatial variations of the
nuclear region and use these to create M/L vs. color
relations appropriate to the local stellar populations
present in the nucleus. We then use these relations
to create a mass map of the nucleus. The spatial vari-
abilities in M/L are thus directly incorporated into our
dynamical model. Incorporating stellar population-
based models are critical for getting good dynamical
constraints on the lowest mass BHs, as most of these
are located in NSCs with complicated and spatially
varying stellar populations.
Jeans anisotropic models of the stellar kinematics with
the derived mass map gives a BH mass of MBH =
Improved dynamical constraints on the mass of the central black hole in NGC 404
7.0+1.5−2.0 × 104M, a mass scaling factor (the ratio of
the dynamical to stellar population mass) of γ =
0.890+0.045−0.060, an anisotropy parameter βz = 0.05
+0.05
−0.15,
and an inclination angle i = 20.5+1.0−2.0. The BH mass is
consistent with zero at the 3σ level, thus, we present a
3σ upper limit to the mass of 1.5× 105M. This BH
mass upper limit suggests NGC 404 falls clearly below
scaling relations between the BH mass and the bulge
or total mass while it is consistent with the M − σ re-
lation. This is the lowest dynamical BH mass estimate
ever performed via the stellar dynamical method.
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